One sentence summary: Wastewater treatment plants may promote genetic mobilization of antibiotic resistance determinants that are then disseminated in effluent to receiving water bodies.
INTRODUCTION
Antibiotic resistance is an urgent challenge in modern public health, and is exacerbated by the prevalent use of antibiotics in livestock operations and medicine (Neu 1992; Witte 1998; Levy 2000; Schwartz et al. 2003; Norrby, Nord and Finch 2005; Mathew, Cissell and Liamthong 2007; Yang et al. 2014; Rodriguez-Mozaz et al. 2015) . Wastewater treatment plants (WWTPs) are known to harbor antibiotic resistance genes (ARGs) and can be significant point sources of ARG input into receiving water bodies (Rizzo et al. 2013; Mao et al. 2015; Yuan et al. 2016) . Modern WWTPs include secondary treatment bioprocesses that utilize complex microbial communities for removal of biochemical oxygen demand (BOD), total suspended solids and in some cases nutrients such as reactive nitrogen and phosphorus. Secondary treatment bioprocesses can be broadly classified by their mechanisms of microbial growth-either suspended growth, such as in activated sludge bioreactors, or biofilm (attached) growth, such as in trickling filters. Previous studies on ARGs in WWTPs have primarily focused on activated sludge systems and have shown that these suspended growth bioprocesses have varying levels of efficiency at reducing ARG loads in effluent (Wen et al. 2016; Yuan et al. 2016) . Removal efficiency of ARGs can also be influenced by tertiary treatment processes such as chlorine or UV disinfection and advanced oxidation (e.g. Photo-Fenton, UV/H 2 O 2 , and UV/TiO 2 ) processes (McKinney and Pruden 2012; Michael et al. 2012; Oh et al. 2014; Dunlop et al. 2015; Alexander et al. 2016; Ferro et al. 2016) . Activated sludge bioreactors have been identified as a reservoir for multiple classes of ARGs corresponding to specific types of antibiotics such as aminoglycoside and tetracycline, as well as many individual gene variants (Zhang, Zhang and Ye 2011; . ARGs and antibiotic resistanceassociated mobile genetic elements (MGEs) are prevalent in activated sludge systems, and different classes of ARGs exist in varying abundances (Dröge, Pühler and Selbitschka 2000; Zhang, Zhang and Ye 2011; Gao, Munir and Xagoraraki 2012; Wang et al. 2013; Yang et al. 2014; Mao et al. 2015; Wen et al. 2016) . ARG composition and fate in biofilm-based wastewater treatment bioreactors, in contrast, have been investigated far less thoroughly. Biofilm reactors provide unique environments that contain high concentrations of cells in dense matrices, and the compact structures of biofilms allow for efficient horizontal gene transfer (HGT) and can facilitate plasmid conjugation (Molin and Tolker-Nielsen 2003; Schwartz et al. 2003; Madsen et al. 2012) . Certain plasmids may only be capable of existing in biofilm reactors due to high transfer frequencies that prevent them from surviving in suspended growth conditions such as those in activated sludge bioreactors (Madsen et al. 2012) . These factors could lead to significant selection for and mobilization of ARGs in biofilm systems.
MGEs that can facilitate HGT of ARGs contribute to the dissemination of antibiotic resistance in wastewater treatment systems (Dröge, Pühler and Selbitschka 2000; Schlüter et al. 2007; Szczepanowski et al. 2008; Zhang, Zhang and Ye 2011) . Dense concentrations of biomass such as those found in biofilm systems, highly competitive environments in WWTP bioreactors and the presence of residual antibiotics in wastewater facilitate HGT of resistance determinants via conjugation, transformation and transduction. MGEs such as plasmids and integrons, some of which have broad host ranges and can transfer genetic material to multiple types of recipients, are common throughout WWTPs (Dröge, Pühler and Selbitschka 2000; Schlüter et al. 2007; Merlin et al. 2011) . Large fractions of these plasmids carry ARGs. For instance, Zhang et al. found that multidrug resistance ARGs are located on 25% of the plasmids found in an activated sludge system (Zhang, Zhang and Ye 2011) . Thus, controlling ARG mobility is critical for reducing the input of ARGs into the environment through wastewater effluent. Certain MGEs, such as the multiple antibiotic resistance plasmid pB10, have been found in especially high abundances in biofilm reactors (Merlin et al. 2011 ), yet there are few studies that document the relationship between ARGs and MGEs harbored by hosts in full-scale bioreactors using suspended and biofilm modes of microbial growth.
Similarly, the capacity for antibiotic production is particularly prevalent in densely populated microbial environments such as soil (Raaijmakers, Vlami and De Souza 2002) , and antibiotic resistance can emerge to confer selective advantages to organisms in response to these chemical pressures (Martínez 2008) . Previous work has shown that phylogenetically related populations of microorganisms in shared habitats can socially cooperate to produce and resist antibiotics (Cordero et al. 2012 ). Therefore, it is possible that this tendency could lead to cooccurrence of genes associated with production and resistance of specific antibiotics within wastewater treatment bioreactor environments. However, little is understood about the relationship between antibiotic production genes (APGs) and associated ARGs in engineered microbial ecosystems. In wastewater bioreactors, the relationship between ARGs, APGs and the antibiotics produced in situ by microorganisms harboring APGs may influence which organisms maintain competitive advantages in microbial communities in WWTPs, and may also impact selection and dissemination of ARGs into the environment through effluent. To the best of our knowledge, no prior studies have investigated this topic.
Here, we employed a shotgun metagenomics approach to assess dynamics of ARGs, APGs and MGEs in two full-scale WWTPs that employ two different secondary treatment process variations. The first WWTP used a suspended growth activated sludge process for secondary treatment, whereas the second WWTP employed a biofilm-based trickling filter. Both WWTPs included chlorine-based tertiary treatment steps, and samples were taken from points after disinfection in each plant. The objectives of this study were two-fold. First, we aimed to test the hypothesis that ARGs which are mobilized via plasmids and integrons are selected for throughout biofilm and suspended growth wastewater treatment processes, and therefore mobilization of ARGs increases between influent and effluent. Second, we addressed the hypothesis that abundances of specific classes of ARGs are correlated with abundances of corresponding APGs within individual WWTPs. This hypothesis is driven by the idea that production of antibiotics by organisms in environments with dense microbial growth creates a selective advantage for bacteria harboring resistance to those antibiotics. Understanding the dynamics between ARGs and APGs in WWTPs is important because the degree to which antibiotics are produced within wastewater bioreactors influences development of antibiotic resistance in these systems. If particular classes of ARGs and APGs co-occur in abundance, this may suggest that ARGs proliferate in response to in situ production, whereas a lack of correlation between ARGs and APGs indicates that selection for ARGs is likely driven by one or more of several other factors. Analyzing the fate and mobilization of ARGs in WWTPs harboring different bioprocess variations and microbial aggregate types can inform applied engineering solutions to optimize their reduction in effluent.
MATERIALS AND METHODS

Wastewater treatment plant information and sample collection
Samples were collected from the Sheboygan Regional WWTP in Sheboygan, WI (43.718756 N, 87 .708365 W) on 14 July 2015; and from the Manitowoc WWTP in Manitowoc, WI (44.0823076 N, 87 .6579573 W) on 15 July 2015. In both Sheboygan and Manitowoc, approximately 75% of influent is municipal and 25% is industrial. Both facilities discharge treated wastewater effluent into Lake Michigan. A summary of water quality parameters at the two WWTPs during the times of sampling are included in the Supporting Information as Table S1 . The Sheboygan WWTP includes a secondary treatment system consisting of a suspended growth-activated sludge bioreactor that treats an average flow of 18.4 MGD. Preliminary and primary treatment consists of screens and grit separators as well as primary clarifiers. In the secondary treatment process, biological phosphorus (P) removal as well as BOD and nitrogen (N) removal via nitrification and denitrification are performed in sequential anoxic, anaerobic and aerobic zones. The first zone is anoxic, and the second and third zones are anaerobic. This biological nutrient removal system is followed by separate aeration basins. The solids retention time in the Sheboygan WWTP is 8 days during winter and 7.5 days in summer. The aeration basins are then followed by secondary clarifiers before effluent is disinfected for a 2-2.5-hr contact time with chlorine doses of 1.5 ppm in winter and 2.5 ppm in summer followed by sodium bisulfite dechlorination as tertiary treatment (Doerr 2012) .
The Manitowoc WWTP secondary treatment bioprocess consists of a biofilm-based (attached growth) trickling filter designed to treat an average of 15.5 MGD of wastewater. Preliminary and primary treatment in the Manitowoc biofilm system consists of step screens and vortex grit removal, along with primary clarifiers. The secondary treatment trickling filters consist of two honeycomb-patterned stack filters that facilitate growth of aerobic bacteria on a large surface area, in addition to aerobic rock filters. These trickling filters select for aerobic BOD removal and nitrification. P is removed in final clarifiers via dosing with ferric chloride. Finally, tertiary treatment is performed with sand filters as well as chlorine disinfection and dechlorination via sodium bisulfite addition before effluent is released into Lake Michigan (Moura et al. 2009 ). Chlorine is fed at two points. At the head of the contact chamber it is dosed in at 0.4 ppm on average. Ahead of the tertiary filters it is dosed at 60-90 pounds per day. The detention time varies based on amount of flow, ranging from 8 to 12 hours.
In the Sheboygan WWTP (suspended growth secondary treatment), samples were taken from influent after grit removal, aeration basin activated sludge, secondary effluent (surface water from the final clarifier), and final effluent. In the Manitowoc WWTP (biofilm growth secondary treatment), samples were collected from primary effluent (influent to the trickling filter), primary clarifier sludge, secondary (trickling filter) clarifier sludge (taken from the final clarifier that immediately follows the trickling filters) and effluent. Here, secondary clarifier biomass is considered to be a proxy for microbial biomass in the trickling filter. For activated sludge in the suspended growth system, and for primary clarifier sludge and trickling filter clarifier sludge in the biofilm system, three replicates per sample were collected in 50 mL sterile Falcon tubes. Water samples, including influent and final effluent from both plants as well as secondary effluent in the suspended growth system, were collected in triplicate in 1 L sterile bottles. For each sampling location, water was first filtered through one GF/A 1.6 μm pore size glass microfiber Whatman filter (GE Healthcare, Amersham, United Kingdom), used for all replicates from a given location to facilitate on-site filtration, then through separate 0.22 μm pore size Sterivex filters (EMD Millipore, Darmstadt, Germany) for each of the replicates. These filters were later used for DNA extraction and sequencing. Sludge samples and water filters were stored at -80
• C until DNA was extracted.
DNA extraction and sequencing
Genomic DNA from sludge samples was extracted using PowerSoil DNA Isolation Kits (MoBio Laboratories, CA, USA) according to the manufacturer's protocol. Sludge was well-mixed prior to DNA extraction, and 0.25 g of sludge was used per sample for the extraction process. DNA extraction from water filters followed previously described methods (Oh et al. 2011) . A detailed description of DNA extraction methodology is provided in the Supporting Information. NeoPrep library preparation (Illumina, San Diego, CA, USA) for shotgun metagenomics sequencing was conducted at the University of Illinois at Chicago, with acoustic shearing (Covaris, MA, USA) to 2 × 100 bp. High-throughput metagenomics sequencing was performed on an Illumina HiSeq2500 platform (Illumina, San Diego, CA, USA) at the University of Illinois at Urbana-Champaign. Sequences have been uploaded to NCBI under the SRA accession number SR107015. For the biofilm system (Manitowoc), a total of 21.4 Gbp of data were generated from 14 samples in clean reads. For the suspended growth system (Sheboygan), 15 samples yielded a total of 18.8 Gbp of data in clean reads.
Sequence processing, assembly, and gene annotation
Each sample replicate was independently assembled from raw reads into contigs. Sequences from raw reads were processed and trimmed as previously described (Luo et al. 2012) . Briefly, FastQC was used to check the quality of raw reads, then sequences were trimmed with parameters set to remove reads with Q < 20 or sequence length <50 bp. A hybrid assembly protocol was then employed to assemble reads into contigs. Trimmed sequences were first assembled into contigs in Velvet 1.2.10 (Zerbino and Birney 2008) and SOAPdenovo2 (Luo et al. 2012b ). For each sample replicate, two kmers from Velvet and two kmers from SOAPdenovo2 within the range of 25-61 were selected based on greatest N50 and total contig lengths and were used as inputs for Newbler 2.0, which was used for further long-read assembly (Oh et al. 2011) . A summary of metagenomic datasets and associated assembled contigs is provided in Table S2 (Supporting Information). Detection of ORFs in assembled contigs was performed using MetaGeneMark (Zhu, Lomsadze and Borodovsky 2010) .
Normalization of relative gene abundance
Due to the multiple types of samples used in this study (e.g. water filters, sludge) as well as differences in amounts of DNA sequenced per sample, gene abundances required normalization. Coverage of ARGs, APGs and MGEs were normalized to single copy marker gene coverages, which represented average genome equivalents. All sample metagenomes were aligned against the amino acid Genome Property database, entry GenProp0799-'Bacterial core gene set, exactly 1 per genome' with HMMER3 (http://hmmer.janelia.org/) using default settings. Average single copy gene (SCG) coverage values were obtained by taking the mean coverage of 108 SCGs in the metagenomes based on this database. Finally, normalized abundances of particular genes of interest were determined by dividing coverage of those genes of interest by average coverage of SCGs in a given sample. This allowed for comparison of specific gene abundances across different samples. Replicates of samples were combined using a weighted average based on total coverage of each replicate normalized to total coverage of all replicates for a given sampling location.
Detection of ARGs, MGE-Associated ARGs and APGs
To identify ARGs in metagenomic datasets, ORFs were compared against a known reference database of ARG amino acid sequences using Blastp against the Comprehensive Antibiotic Resistance Database (CARD, Version 1.0.1) (McArthur et al. 2013 ).
Cutoffs of e-value ≤10 −10 , % identity ≥70% and bit score ≥50 were used, based on previous work by Zhang, Zhang and Ye 2011; Hu et al. 2013 and Pearson 2013 with adjustments based on tests for validity of gene match results for the samples used in this study (Zhang, Zhang and Ye 2011; Hu et al. 2013; Pearson 2013) . ARG-like sequences were linked with individual NCBI accession numbers and were further assigned to 11 different classes based on specific mechanisms of resistance and on the classes of antibiotics to which the genes confer resistance (e.g. tetracycline resistance, macrolide resistance, etc.). Some genes were associated with multiple classes, indicating multidrug resistance. To detect APGs in the samples, genes were compared with Blastp to the Minimum Information about a Biosynthetic Gene cluster (MiBIG; Medema et al. 2015) amino acid database containing 11 different antibiotic classes of interest. MGEs were identified using Blastp to compare genes to the A CLAssification of Mobile genetic Elements (ACLAME) amino acid database (Leplae, Lima-Mendez and Toussaint 2009) for plasmids and against the IntegrALL nucleotide database (Moura et al. 2009 ) for integrons. The same cutoff values as used for CARD were used for MiBIG, ACLAME and IntegrALL database comparisons. Gene abundances were determined based on the coverage of best hits from Blast for each gene ID in the metagenomes. These coverages of best hits were obtained based on mapping coupled reads files to assembled gene calling files. In order to determine the abundances and percentages of ARGs on plasmids and integrons, the gene IDs corresponding to ARGs and the gene IDs that identified as plasmids or integrons were compared, and those that matched were considered to be ARGs associated with MGEs.
Statistical analysis
Standard errors corresponding to replicates for a given sampling location were calculated using Excel version 15.27. Multivariate Analysis of Similarity (ANOSIM) was calculated using the R Vegan 2.4 package (Oksanen et al. 2006) , which compared groups of individual sample replicates to determine degree of similarity based on overall abundance profiles of ARG classes in each sample with Euclidean distance mapping. Correlation coefficients from comparing antibiotic resistance and production genes of a given class were calculated with Pearson's correlation methods in Excel. Statistical significance was determined based on P < 0.05, and P-values were corrected for multiple comparisons using the Holm-Bonferroni correction method with α = 0.05 (Gaetano 2013) .
RESULTS AND DISCUSSION
Occurrence, abundance and diversity of ARGs
In total, samples were analyzed for 19 different ARG classes based on eight resistance mechanisms (including, for example, efflux pumps conferring antibiotic resistance, resistance via molecular bypass and genes modulating permeability to antibiotics) and 11 corresponding antibiotics by alignment against the CARD database. All 19 classes were identified in the biofilm system, and 18 of the 19 (all except genes modulating permeability to antibiotics) were found in the suspended growth system (Fig.  1) . 176 unique types of ARGs were detected in this study. Patterns of ARG presence and abundance were similar between sample replicates in each plant. Statistical analyses of standard errors between triplicate samples for gene abundance calculations are included in Table S3 (Supporting Information). It is important to note that not all sampling points within the plants are directly comparable due to differences in treatment trains. In the biofilm system, trickling filter clarifier sludge is considered a proxy for the biofilm as it contains detached biomass from the upstream stack and rock filters, and is most directly comparable to activated sludge in the suspended growth system. Primary clarifier sludge from the biofilm system is from an earlier stage in the treatment process than trickling filter clarifier sludge, whereas secondary effluent samples from the suspended growth system are taken from a later stage in the treatment process than activated sludge. Influent from the suspended growth system exhibited higher relative abundances of ARGs than that of the biofilm system for most classes, especially efflux pumps (1.6 fold higher), macrolide resistance (2.5 fold higher), and tetracycline resistance (2.4 fold higher). In the suspended growth system, the total abundances of ARGs in activated sludge, secondary effluent and final effluent were substantially reduced compared to the influent for all ARG classes (P < 0.05, Student's t-test, when abundances of ARGs from all classes in downstream sampling locations are compared to influent). While ARG abundances in the biofilm system were substantially lower in the effluent than the influent as well, the biofilm system's effluent contained a greater number of ARG classes than the suspended growth system's effluent, including beta-lactam, fluoroquinolone, macrolide and tetracycline ARGs. In the suspended growth system, 16 classes of ARGs were present at >0.02 copies per genome equivalent in influent and 1 class was present in effluent at >0.02 copies per genome equivalent, whereas in the biofilm system, 17 classes of ARGs were present in influent at >0.02 copies per genome equivalent and 10 classes were identified at >0.02 copies per genome equivalent in effluent. The biofilm system also showed higher abundances of efflux pumps conferring antibiotic resistance, lincosamide ARGs and macrolide ARGs in primary sludge compared to influent. This increase in abundance between influent and sludge was not observed for any ARG classes in the suspended growth system.
Despite differences in diversity of ARGs detected in effluent from the suspended growth and biofilm systems, as well as varying trends in ARG abundances between influent and sludge for the two systems, abundances of ARGs in the two types of effluent were similar. In the biofilm system, overall ARG relative abundances were 91.1% lower in effluent compared to influent, and in the suspended growth system ARG relative abundances were 96.5% lower in effluent than in influent. These findings are limited to a single time point, as samples in this study were biological triplicates from a single sampling date in each plant. Therefore, they do not reflect a comprehensive longitudinal assessment of removal efficiencies, but do show that ARG abundances per genome equivalent on the sampling dates were significantly lower in effluent samples compared to influent samples. We estimated an ARG abundance of 1 per every 3 genome equivalents in the effluent of the biofilm system and 1 per 5 organisms in the effluent of the suspended growth system. To put this into context, these frequencies are similar to what we calculated in two different water samples taken from bottom water of Lake Michigan, approximately 1 km and 7 m deep offshore from Manitowoc (1 ARG in every 2-4 organisms), indicating that despite the differences in ARG abundance in the effluents of the two plants, the concentrations are comparable with existing ARG levels in the receiving water. The influence of wastewater effluent from these WWTPs on the microbial community of Lake Michigan has been analyzed in a parallel study by Binh et al. (2017) . Although estimated differences in ARG relative abundances between influent and effluent vary significantly by WWTP in existing literature, our findings align reasonably well with previous studies. For example, Bengtsson-Palme et al. found that the average ARG removal efficiency in Swedish WWTPs was over 50-fold when measured as abundance per mL sample volume (Bengtsson-Palme et al. 2016) , while Yang et al. showed that overall ARG removal efficiency in a sewage treatment plant in Hong Kong was over 99% (Yang et al. 2014) . A 2016 study from a different WWTP in China by Tang et al. found ARG concentrations in influent to be 16.5 times higher than in effluent (a 94% decrease between influent and effluent) (Tang et al. 2016) . It is important to note that the values in the present study are based on abundances per genome equivalent rather than per volume or ppm.
Despite similar declines in genome equivalent averaged ARG abundances, ARGs were retained through a greater portion of the treatment process and were significantly more abundant in the trickling filter (biofilm system) than in the activated sludge process (suspended growth system). In the suspended growth system, ARG abundances decreased by 89% between influent and activated sludge on average across all classes, whereas in the biofilm system ARG abundances decreased by only 34% between influent and trickling filter clarifier sludge. Although the two treatment trains include different steps and thus are represented by different sampling locations, many classes of ARGs were retained through the biofilm-based system's secondary treatment process before they were removed in final effluent, while this was not the case for the suspended growth system (Fig. 1) . For example, efflux pump, macrolide, betalactam and streptogramin ARGs were abundant in both primary sludge and trickling filter sludge in the biofilm system, whereas they were present at much lower levels or below the detection limit in activated sludge and secondary effluent from the suspended growth system. ARG abundances (normalized to genome equivalent) were over four times higher when all classes are averaged together in trickling filter sludge from the biofilm system than in activated sludge from the suspended growth system. Therefore, retention was enhanced for multiple ARG classes throughout intermediate stages of treatment in the biofilm system compared to the suspended growth system.
In both plants, aminoglycoside ARGs were the most persistent class through the treatment processes and the most abundant ARGs found in effluent. This finding is similar to a previous metagenomics study by Yang et al. that also found that aminoglycoside ARGs dominated the ARG pool in an activated sludge WWTP . The most abundant and highly retained aminoglycoside resistance gene throughout both plants was strA, also known as APH(3')-Ib (Fig. S1, Supporting Information) . One factor that may contribute to the high abundance of strA is its diversity, as we identified several different variants present in the WWTP samples. The variant corresponding to accession number M86701.1 from Haemophilus influenzae was most abundant, comprising 96% of strA genes observed in influent from the suspended growth system and 99% of those in influent from the biofilm system. These results agree with findings by BengtssonPalme et al. on selection processes for ARGs in WWTPs that noted that APH(3')-Ib was frequently found in a majority of samples (Bengtsson-Palme et al. 2016) . In the suspended growth system's influent, the aminoglycoside efflux pump acrD was also present in high abundance relative to all other aminoglycoside ARGs (54% of total aminoglycoside ARGs in the influent)-even higher abundance than strA (34% of total aminoglycoside ARGs in the influent)-though it was almost completely eliminated in the activated sludge.
Both the suspended growth system and the biofilm system in this study use chlorine-based disinfection systems. Disinfection processes are commonly employed as tertiary treatment steps in wastewater treatment systems, and may further influence proliferation of antibiotic resistance within WWTPs. Chlorination, UV and ozone-based processes are conventional forms of disinfection, while emerging technologies based on advanced oxidation processes such as Photo-Fenton, UV/H 2 O 2 and UV/TiO 2 that use hydroxyl radicals as oxidizing agents also provide promising options for tertiary treatment and can aid in the removal of micropollutants such as antibiotic residuals (McKinney and Pruden 2012; Michael et al. 2012; Oh et al. 2014; Dunlop et al. 2015; Alexander et al. 2016; Ferro et al. 2016) . Disinfection has the potential to both reduce overall bacterial load and degrade DNA, therefore removing ARGs from wastewater. However, bacterial inactivation via disinfection is not equivalent to destroying ARGs, and effective ARG removal varies based on reaction mechanism (Dodd 2012; Yuan, Guo and Yang 2015) . In the suspended growth system, the secondary effluent sample represents a point immediately before the tertiary treatment step, and final effluent represents the stage directly after disinfection. In the biofilm system, final effluent after disinfection was also collected, though no samples were collected directly upstream of the disinfection process.
As shown in Fig. 1 , in the suspended growth system, ARG abundances per genome equivalent for all categories were either comparable or lower in samples from the final effluent downstream of disinfection than in secondary effluent samples prior to disinfection. Therefore, ARGs were actually selectively removed since the per genome abundances of ARGs decreased between influent and effluent. No comparable samples from immediately upstream of the disinfection system were available for the biofilm system. However, for all ARG categories in the biofilm system, ARG abundances per genome equivalent either remained the same or were reduced between trickling filter sludge upstream of disinfection and final effluent after disinfection. Previous research on the effectiveness of disinfection processes at removing ARGs and antibiotic-resistant bacteria (ARB) from wastewater has shown that results vary depending on the classes of antibiotics that bacteria are resistant to, and multiple studies have indicated that disinfection influences community structure (Huang et al. 2011; Dodd 2012; Zhuang et al. 2015) . For example, Huang et al. found that certain strains of ARB, particularly those resistant to chloramphenicol, were selected after chlorination in a municipal WWTP (Huang et al. 2011) , and Yuan et al. determined that erythromycin-and tetracycline-resistant bacteria were more resilient to chlorine disinfection of wastewater than other types of ARB (Yuan, Guo and Yang 2015) . On the other hand, Munir et al. found that chlorine and UV disinfection systems did not have a significant influence on ARB and ARG reduction in wastewater (Munir, Wong and Xagoraraki 2011) . While effects of disinfection on ARG abundances throughout the two WWTPs was not the primary focus of our study, our results suggest that chlorine-based disinfection may contribute to a modest decline in ARGs per genome equivalent in wastewater.
In order to assess diversity of the resistomes within each WWTP, we assessed richness of resistance genes (e.g. sul1, strA, tetW, etc.) through treatment plant transects (Fig. 2) . Richness of ARGs was somewhat higher in the biofilm system's influent (59 ARGs) than in the activated sludge system's influent (41 ARGs), though this difference was not statistically significant (Student's t-test, P = 0.18). While the two WWTPs investigated in this study received influent with similar overall composition and comparable domestic/industrial wastewater ratios, there are daily fluctuations in composition for both plants that may explain differences in ARG richness. ARG richness was higher in both primary clarifier sludge and trickling filter clarifier sludge from the biofilm system than in activated sludge from the suspended growth system. We observed a greater than fourfold decrease in ARG richness across both plants, so fewer unique genes were released to receiving water through effluent than are present in untreated wastewater.
We assessed within-and between-plant differences in ARG profiles based on ARG classes in influent and effluent using ANOSIM multivariate statistics. There was a statistically significant (P < 0.05) difference between the overall ARG profiles of influent and effluent samples. Conversely, there were no significant differences when the two influents or the two effluents of both WWTPs were compared. When activated sludge from the suspended growth system and trickling filter clarifier sludge from the biofilm system were compared, the ANOSIM P-values were also greater than 0.05, which demonstrates that the ARG composition of the two types of biomass were not statistically different.
Association of ARGs with MGEs
MGEs such as plasmids and integrons can facilitate HGT of ARGs between organisms in densely populated environments such as microbial bioreactors in WWTPs (Molin and Tolker-Nielsen 2003; Schlüter et al. 2007; Zhang et al. 2009; Zhang, Zhang and Ye 2011; Tao et al. 2016) . Thus, analyzing their roles in WWTPs is critical for understanding fate and retention of ARGs throughout wastewater treatment processes. Previous studies analyzing antibiotic resistance in WWTP bioreactors have mostly focused on conventional activated sludge systems (Dröge, Pühler and Selbitschka 2000; Zhang, Zhang and Ye 2011; . However, Merlin et al. found that in biomass from a moving bed biofilm reactor (MBBR), the multiple antibiotic resistance plasmid pB10 continually spread from original donor bacteria that were inoculated into new communities to other members of those communities over time (Merlin et al. 2011) . This study provided evidence that the MBBR system facilitated enhanced persistence and mobility of the antibiotic resistance plasmid pB10 compared to an aerated suspended growth system, but only investigated a single type of ARG-associated plasmid in laboratory-controlled microcosms (Merlin et al. 2011) .
To determine the proportion of total ARGs present in a given sampling location that were associated with MGEs, we screened all samples for plasmid-associated genes and integron-associated genes, and assessed the fraction of genes identified as ARGs that were affiliated with MGEs. Large increases in percentages of ARGs associated with MGEs between influent and effluent were identified throughout both types of wastewater treatment systems. This indicated that resistance genes were mobilized, and suggested that ARGs that are retained throughout wastewater treatment processes are likely to be associated with MGEs (Fig. 3) . In the activated sludge system, 50% of ARGs matched plasmid-associated genes and integron-associated genes in the influent, while 85% of ARGs were associated with these MGEs in the effluent (a 70% increase). In the biofilm system, 36% of ARGs matched plasmid-associated genes and integron-associated genes in the influent compared to 82% in the effluent (a 128% increase). In terms of abundance per genome equivalent, ARGs associated with MGEs were most prevalent in primary sludge from the biofilm system (Fig. S2 , Supporting Information). These results suggest that the ARGs that were retained through both types of treatment processes and present in effluents were frequently associated with MGEs, and therefore can potentially be readily transferred to other microorganisms in receiving water bodies via HGT. These MGEs likely play important roles in the persistence and dissemination of ARGs in both the suspended growth system and the biofilm system.
In addition to analyzing proportions of ARGs associated with MGEs, we also quantified total abundances of plasmidassociated genes and integron-associated genes per genome equivalent (Fig. S3, Supporting Information) . We hypothesized that the high ARG abundances (Fig. 1) and richness (Fig. 2) observed in trickling filter clarifier sludge (a proxy for trickling filter biofilm) relative to activated sludge from the suspended growth system is due to elevated HGT facilitated by MGEs. HGT is typically elevated in biofilms compared to suspended cultures due to microbial growth in dense aggregates and enhanced conjugation (Molin and Tolker-Nielsen 2003; Madsen et al. 2012; Balcazar, Subirats and Borrego 2015) , so this may explain why sludge from the biofilm WWTP system showed enhanced levels of ARGs relative to activated sludge from a suspended growth system. Some types of plasmids may be exclusively suited to existence in biofilms as their transfer frequencies are too high to persist in suspended cultures (Madsen et al. 2012) . Furthermore, biofilms can benefit from the presence of conjugative plasmids whose pili may enhance adhesion and increase structural stability (Ghigo 2001; Molin and Tolker-Nielsen 2003; Madsen et al. 2012) .
Our results indicate that the biofilm system contained higher overall levels of MGEs than the suspended growth system, particularly in the two types of sludge in the biofilm system (Fig. S3 , Supporting Information). Plasmid-associated gene abundances per genome equivalent in the biofilm WWTP primary and trickling filter clarifier sludge were 61.46 ± 1.97 and 51.87 ± 1.36, respectively, compared to 4.75 ± 0.04 in activated sludge from the suspended growth WWTP. These values refer to the total copy numbers of all types of plasmid-associated genes present in each cell. Plasmid-associated gene copy numbers per cell can vary depending on the plasmid-for example, Weisblum et al. found that the antibiotic resistance plasmid pE194 typically has copy numbers of 10-25 copies per cell (Weisblum et al. 1979) , though some small plasmids can have over 100 copies per cell and many conjugative plasmids have less than 10 copies per cell (Norman, Hansen and Sørensen 2009) . Integron-associated gene abundances were also higher in sludge samples from the biofilm system than in activated sludge from the suspended growth system. The abundances of integron-associated genes per genome equivalent in primary and trickling filter clarifier sludge from the biofilm system were, respectively, 5.56 ± 0.32 and 2.15 ± 0.05, whereas integron-associated gene abundances in activated sludge from the suspended growth system were only 0.30 ± 0.04 per genome equivalent.
In both the suspended growth system and the biofilm system, plasmid-associated genes were more abundant than integron-associated genes at any given sampling point by approximately an order of magnitude (Fig. S3 , Supporting Information). For example, in trickling filter clarifier sludge from the biofilm system, the average abundance of total plasmidassociated genes per genome equivalent was 52, whereas average abundance of total integron-associated genes per genome equivalent was 2. In activated sludge from the suspended growth system, average MGE abundance per genome equivalent was 5 for plasmid-associated genes and 0.3 for integronassociated genes. This is similar to findings from Tao et al. where plasmid abundances in pharmaceutical WWTP sludge were found to be typically 1-2 orders of magnitude higher than integron abundances (Tao et al. 2016) . Abundances of plasmidand integron-associated genes decreased between influent and effluent within each treatment system. This corroborates a study by Zhang et al. on class 1 integrons and related gene cassettes that found integron abundances were reduced by over 90% by treatment processes in two different WWTPs (Zhang et al. 2009) . Similarly, we found that 85% of integron-associated genes were removed by the suspended growth system, and 94% of integron-associated genes were removed by the biofilm system. Plasmid-associated gene abundances were reduced by 84% in the suspended growth system and by 81% in the biofilm system.
Abundance of APGs and co-occurrence with ARGs
While previous studies have investigated correlations between ARGs and concentrations of corresponding antibiotics, cooccurrences between ARGs and corresponding classes of APGs in different types of WWTP bioreactors have not been explored. In studies on ARGs and antibiotics, positive correlations between specific classes of ARGs and antibiotics have been found in some WWTPs but not others. Furthermore, these positive correlations typically only exist within a given plant for certain ARG classes, demonstrating that these relationships are highly complex (Gao, Munir and Xagoraraki 2012; Novo et al. 2013; Rodriguez-Mozaz et al. 2015; Xu et al. 2015; Li et al. 2016) . Surprisingly, there is a lack of knowledge about the relationships between ARGs and genes that regulate production of antimicrobial compounds in these systems. Among its many effects, production of antibiotic compounds can confer a competitive advantage to bacteria in microbial communities by killing or inhibiting the growth of other species, which can be countered by development of antibiotic resistance mechanisms (Hancock 1998; Stewart and Costerton 2001; Giedraitienė et al. 2011) . Microorganisms can also work together in social units to produce and resist antibiotics, where select organisms in the group express APGs and others carry corresponding ARGs, resulting in antagonism and competition against other groups but not within groups (Cordero et al. 2012) . It is therefore possible that systems containing high levels of APGs may also select for high levels of corresponding classes of ARGs. The influence of antibiotic-producing organisms in situ is compounded by selective pressures from antibiotics introduced through influent, and some ARGs found in the two WWTPs (such as those conferring resistance to rifampin) are associated with synthetic and semi-synthetic antibiotics.
In this study, we investigated 11 different classes of APGs in the two different WWTPs (Fig. 4) . Of the 11 APG classes studied, 9 were detected in the suspended growth system, and 6 were found in the biofilm system. Throughout both WWTPs, aminoglycoside and rifamycin-like APGs were most abundant. It should be noted that aminoglycoside-like APGs are the most highly represented of all APG classes in the MIBiG database, which likely contributes to their high abundances detected in the WWTP samples. However, rifamycin-like APGs are only the fourth most highly represented, after aminoglycoside, beta-lactam and streptogramin-like APGs (in that order). Table S5 in Supporting Information shows number of representative sequences and percentage of overall sequences in the MIBiG database for each category of APG. In the biofilm system, neomycin-associated APGs were the most common type of aminoglycoside APG detected in the influent, and neomycin and kanamycin APGs were the most common aminoglycoside APGs found in the trickling filter sludge. In the suspended growth system, neomycin was also the most abundant type of aminoglycoside APG in the influent, whereas streptomycin and kanamycin APGs were most abundant aminoglycoside APGs in activated sludge. In the suspended growth system, both aminoglycoside and rifamycin APGs decreased in abundance between influent and effluent. This suggests that organisms containing these APGs were primarily introduced into the WWTP through influent and were removed by the treatment processes. Of all the suspended growth system samples, activated sludge had the highest abundance of rifamycin APGs, implying that conditions in the aerated activated sludge bioreactor may have favored organisms capable of producing rifamycin to a greater extent than in other segments of the treatment train. Similarly, in the biofilm system, rifamycin APGs exhibited highest abundances in primary and trickling filter clarifier sludge. This increase in rifamycin APGs in the bioprocess relative to influent indicates selection for these genes. In the biofilm system, abundances of aminoglycoside APGs were statistically higher (P < 0.05, Student's t-test) in effluent (0.09 ± 0.08 per genome equivalent for triplicates) than in influent (0.02 ± 0.09 for triplicates) and had the greatest abundances in primary and trickling filter clarifier sludge samples, respectively. This increase in genes conferring ability to produce aminoglycoside antibiotics suggests that these genes may have been selected for progressively throughout the biofilm system's treatment process. This is a key difference between the biofilm system and the suspended growth system, as in contrast to the biofilm system, aminoglycoside APGs decreased throughout the suspended growth system. Further experiments that sampled multiple time points would strengthen the validity of these findings.
We next compared abundances of corresponding APGs and ARGs by class (Table S4 , Supporting Information). In the suspended growth system there was a strong positive correlation (r 2 = 0.919, P = 1.296E-6) between abundance of aminoglycoside APGs and genes that encoded for its resistance. A potential explanation is that as aminoglycoside APGs are progressively removed throughout the suspended growth treatment process, selective pressure for aminoglycoside resistance genes decreases. As a result, there are fewer selective pressures for ARGs conferring resistance to aminoglycoside, leading to a positive correlation between abundances of aminoglycoside ARGs and APGs in this WWTP. Similarly, in the biofilm system there is a strong positive correlation (r 2 = 0.820, P = 2.635E-4) between streptogramin APGs and genes that encode for its resistance. Primary clarifier sludge and trickling filter clarifier sludge from the biofilm system contain higher levels of both streptogramin ARGs and APGs than influent or effluent. Since streptogramin APGs are selected for in sludge from the biofilm system and are higher in sludge than in influent, ARGs that allow organisms to survive in the presence of this class of antibiotic are also likely to be favored, which may explain the positive correlation between abundances of streptogramin ARGs and APGs in this WWTP. The rest of the classes showed no statistically significant correlations between ARGs and APGs. The variations in these findings by plant and gene class reflect the high variations in findings from literature on correlations between ARGs and antibiotics (Gao, Munir and Xagoraraki 2012; Novo et al. 2013; Rodriguez-Mozaz et al. 2015; Xu et al. 2015; Li et al. 2016 ).
Implications and outlook for future research
Overall, our findings suggest that while bioprocesses in biofilm and suspended growth WWTPs are efficient at removing ARGs prior to the release of effluent into the environment, ARGs associated with MGEs may be selected for throughout treatment processes. In both WWTPs, relative abundances of ARGs associated with plasmids and integrons increased significantly between influent and effluent. Therefore, the ARGs that did persist throughout treatment may be particularly prone to spread from hosts in effluent to other bacteria in the environment via HGT once they are released into receiving water bodies. This is concerning because it implies that antibiotic resistance determinants from wastewater are likely to transfer to surrounding microbial communities and could eventually spread to humans, which potentially contributes to the overall epidemic of resistance to clinical antibiotics. The biofilm system exhibited greater diversity and persistence of ARGs throughout the secondary treatment process compared to the suspended growth system. Positive associations between presence of ARGs and APGs were identified for certain classes of antibiotics and corresponding resistance genes, suggesting that in situproduction of some types of antibiotics may lead to selection for ARGs conferring resistance to those compounds. Future research should investigate ARG fate, mobility and cooccurrences with APGs in different types of WWTP systems that utilize both conventional and emerging bioprocesses in order to gain a more thorough understanding of how different treatment trains influence mobilization and dissemination of genetic pollutants into the environment-and, importantly, to better understand how to promote enhanced removal of ARGs and to discourage within-process mobilization of antibiotic resistance determinants.
